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The present lab-scale research reveals the potential of implementation of an oxygen-limited autotrophic
nitrification-denitrification (OLAND) system with normal nitrifying sludge as the biocatalyst for the removal
of nitrogen from nitrogen-rich wastewater in one step. In a sequential batch reactor, synthetic wastewater
containing 1 g of NH,*-N liter "' and minerals was treated. Oxygen supply to the reactor was double-controlled
with a pH controller and a timer. At a volumetric loading rate (B,) of 0.13 g of NH,*-N liter—' day™"', about
22% of the fed NH,*-N was converted to NO, -N or NO;-N, 38% remained as NH,"-N, and the other 40%
was removed mainly as N,. The specific removal rate of nitrogen was on the order of 50 mg of N liter ' day ™",
corresponding to 16 mg of N g of volatile suspended solids~" day™". The microorganisms which catalyzed the
OLAND process are assumed to be normal nitrifiers dominated by ammonium oxidizers. The loss of nitrogen
in the OLAND system is presumed to occur via the oxidation of NH,™ to N, with NO, ™ as the electron acceptor.
Hydroxylamine stimulated the removal of NH,* and NO, ™. Hydroxylamine oxidoreductase (HAO) or an HAO-
related enzyme might be responsible for the loss of nitrogen.

The conventional process for ammonium removal via two
steps, aerobic nitrification and anaerobic denitrification, is
challenged by a one-step process in which ammonium is oxi-
dized directly to N,. The latter is an autotrophic process which
consumes 63% less oxygen and 100% less reducing agent.
Studies carried out in the last decades revealed that the au-
totrophic conversion of NH," to gaseous N compounds in-
volved two steps: (i) aerobic nitrification of NH," to NO, ™ or
NO;~ with O, as the electron acceptor and (ii) anoxic deni-
trification of NO,~ or NO;~ to gaseous N with NH, " as the
electron donor (2, 18). The operative microorganisms were
reported as the sole nitrifiers which were able to denitrify
under conditions of O, stress (4, 9, 19). Recently, Bock et al.
(5) confirmed that pure and mixed cultures of Nitrosomonas
eutropha were able to denitrify nitrite by using hydrogen and
ammonium as electron donors. However, application of this
one-step process with nitrifiers as biocatalysts is still severely
limited in practice due to the extremely low specific capacity of
N removal, i.e., less than 2 mg of N g of volatile suspended
solids (VSS) ! day !, and uncertainty as to which operational
conditions would allow for control of the process (5, 16, 20).

In 1994, in a fluidized-bed reactor treating effluent from a
methanogenic reactor, the disappearance of nitrate with simul-
taneous consumption of ammonium and concomitant forma-
tion of N, was observed by Mulder et al. (15). The process was
termed Anammox, which stands for anaerobic ammonium ox-
idation. The microorganisms catalyzing this reaction have not
been identified. However, they were considered not to be re-
lated to the well-known autotrophic nitrifiers (22, 24). Growth
of these Anammox populations was found to be extremely
slow, and enrichment from a known inoculum has not yet been
reported. The lab-scale tests showed that, in treating ammoni-
um-rich wastewaters, an input of a stoichiometric amount of
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NO, " is essential (23). Introduction of a trace amount of O,
could inhibit the anaerobic ammonium conversion completely
(24). Very recently, extensive removal of nitrogen in a nitrify-
ing rotating contactor treating ammonium-rich leachate with-
out consumption of organic carbon was observed by several
researchers (3, 11, 12, 21). The operative microorganisms were
assumed to be autotrophic populations which could denitrify
under low dissolved-oxygen (DO) conditions. So far, however,
it is not clear whether these microorganisms are related to the
normal nitrifiers.

The objective of the present lab-scale research work was to
investigate the potential of an oxygen-limited autotrophic ni-
trification-denitrification (OLAND) system with a nitrifying
sludge as the biocatalyst. Indeed, the production of an active
nitrifying sludge is technically quite easy (8). If such a sludge
can be induced to convert NH,* to N, without the need for
organic carbon sources, an important step forward in waste-
water treatment appears to be possible.

MATERIALS AND METHODS

Wastewater. The wastewater used in the experiments was a synthetic waste-
water prepared with tap water and contained 1 g of N liter ™' as (NH,),SO,,
0.07 g of P liter ! as KH,PO,, 3 g of NaHCO; liter !, and 2 ml of a stock
solution containing trace elements liter'. The stock solution consisted of the
following (per liter): EDTA, 5.0 g; ZnSO, * 7H,0, 2.2 g; CoCl, * 6H,0, 1.6 g;
MnCl, - 4H,0, 5.1 g; CuSO, * 5H,0, 1.6 g; (NH,)sMo,0,, * 4H,0, 1.1 g; CaCl,
2H,0, 5.5 g; FeSO, - 7TH,0, 5.0 g. The pH of the synthetic wastewater was about
7.9.

Enrichment of nitrifying sludge. The origin of the nitrifying sludge was an
activated sludge obtained from a hospital wastewater treatment plant where
nitrification occurred in the aeration basin. Enrichment and breeding of the
nitrifying sludge were conducted in a 20-liter reactor at room temperature. The
breeding reactor was fed once a day. During the feeding period, the sludge was
first allowed to settle. About 10 to 15 liters of the supernatant was replaced by the
same amount of tap water. The daily feed to the breeding reactor consisted of
30 g of NH,CI, 10 g of CaCO; powder as the carrier material and inorganic
carbon source, 3 g of KH,PO,, and 2 g of Nutriflok (Avecom NV, Ghent,
Belgium), a commercial mixture of macro- and micronutrients. The main com-
position of Nutriflok was described by Gernaey et al. (8). The pH of the breeding
reactor was controlled at 7.0 = 0.2 by a pH controller. An NaOH stock solution
(1 N) was used for the pH adjustment. The sludge concentration in the breeding
reactor was 1.0 to 1.5 g of VSS liter ! and 10 to 15 g of total suspended solids
(TSS) liter~". The major component of TSS was CaCOj3. The breeding reactor
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was aerated continuously except during the feeding period. The DO concentra-
tion in the breeding reactor was usually higher than 6 mg liter™"'.

Operation of the OLAND system. The OLAND system consisted of a 4-liter
sequential batch reactor (SBR) equipped with a mixer, a pH controller, and a
monitoring computer. The nitrifying sludge was taken from the breeding reactor
and seeded into the SBR at a concentration of 3 g of VSS liter!. Limited oxygen
was supplied to the SBR by mixing under the double control of a pH controller
and a timer. When the pH in the reactor was higher than 7.2, the mixer started
to work at 300 to 500 rpm semicontinuously, e.g., 10 min on and 20 min off. When
the pH dropped below 7.0, the mixer stopped working. Thus, aeration was totally
restricted until the surplus of NO,™ and NO;~ species produced was respired
and the pH rose to 7.2 again. The computer was used to monitor the time period
of mixing. The OLAND system was operated at 33°C.

Feeding of the SBR was started directly with the high-concentration synthetic
wastewater (1 g of NH,*-N liter™!) from the 2nd day after start-up without
stepwise adaptation. Before feeding, the mixer was manually stopped and the
sludge was allowed to settle for 1 h. About 1 liter of the supernatant was
removed, and 1 liter of the freshly prepared synthetic wastewater was fed. The
whole experimental period of 63 days can be divided into two periods according
to the volumetric loading rate (B,) of the SBR. During period A, from day 1 to
day 34, the SBR was fed with 1 liter of the synthetic wastewater once every 2 days
and the B, was 0.13 g of N liter ! day~'. During period B, from day 35 to day
63, feeding of the wastewater was done daily and the B, was increased to 0.25 g
of N liter ! day ™.

Twenty-four-hour monitoring of the OLAND system was performed on day 25
right after the reactor was fed. The DO and redox potential (Ey,) in the SBR were
monitored with a DO meter and an E; meter installed in the SBR. The values of
DO and E;, were recorded every 10 min. Sampling from the SBR was performed
every 10 to 20 min. The concentrations of NH,*-N, (NO,~ + NO; )-N, and
NO, -N and the alkalinity were analyzed immediately.

Additional batch tests. (i) Batch test with NH,* and NO,~. About 1 g of VSS
of the nitrifying sludge was taken from the breeding reactor. The sludge was
washed with distilled water three times to remove the background concentrations
of NH,*, NO, ™, and NO; . The washed sludge was diluted to 300 ml with
distilled water and added into three 120-ml serum bottles, 100 ml of sludge in
each. Oxygen was removed from the mixed liquor by flushing with N, gas for 10
min. The serum bottles were sealed tightly with rubber caps. NH;*-N, NO, -N,
dextrose (as the carbon source), and the trace element solution (2 ml liter™!)
were added to the serum bottles with syringes according to the test conditions
(see Table 4). All the bottles were incubated for 2 days at 37°C. The concentra-
tions of NH,"-N and (NO,~ + NO;)-N were measured.

(ii) Batch test with NH,OH. The effects of NH,OH on the removal of NH, ",
NO, ", and NO; ™ were assessed in a batch test. On day 34, about 200 ml of the
mixed liquor was taken from the SBR and put into two 120-ml serum bottles, 100
ml of the mixed liquor in each. One batch (batch 0) served as a control, and no
NH,OH was added. The other (batch 1) was fed with 10 mg of NH,OH-N liter
on the st day and with 20, 30, 40, and 50 mg liter ' on the following 4 days,
respectively. The serum bottles were closed tightly with butyl rubber caps to
avoid any influence of external O,. Feeding and sampling were performed with
syringes. The batch test was carried out at a temperature around 33°C. The
concentrations of NH,*-N, (NO,~ + NO;")-N, and NH,OH-N in the liquid
phase and that of N,O in the gas phase were monitored.

Analyses. Concentrations of NH,"-N and (NO,~ + NO;™)-N were deter-
mined by the Kjeldahl distillation method as described by Greenberg et al. (10).
NO, -N was measured by the Griess-Saltzman method (17). NH,OH-N was
measured spectrophotometrically according to the work of Verstraete and Al-
exander (26). N,O was analyzed with a gas chromatograph (Chrompack 437A).
Alkalinity and VSS and TSS concentrations were measured by standard methods
(10). The nitrification activities of the sludge samples were determined by the
method described by Gernaey et al. (8). The numbers of ammonium oxidizers
and nitrite oxidizers were counted by the most-probable-number (MPN) method
according to the work of Alexander (1) and van de Graaf (25).

RESULTS

Sludge characterization. (i) The inoculum sludge. Visually,
the nitrifying inoculum sludge showed a white color due to the
high content of CaCO;. As shown in Table 1, the concentration
of TSS was 12 g liter ' and that of VSS was 1.3 g liter . The
sludge settled well, and the supernatant was clear. The detect-
ed nitrification capacity of the sludge was 1.2 g of N g of VSS™!
day '. The MPN tests showed that the sludge contained 3.5 X
10" cells of ammonium oxidizers and 1.4 X 10" cells of nitrite
oxidizers g of VSS™!. Electron-microscopic scanning, as shown
in Fig. 1A, revealed that the dominant microorganisms were
ellipsoidal and rod-shaped bacteria about 1 pm long. The bac-
teria were well attached to CaCOj; crystals, and no protozoa
were observed.
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TABLE 1. Comparison of the main characteristics of the nitrifying
inoculum sludge and the OLAND sludge

Value for:
Parameter (unit) Inoculum OLAND sludge
sludge Day 34 Day 62

TSS (g liter™") 12 30 28
VSS (g liter ™) 1.3 3.1 2.8
VSS/TSS ratio 0.1 0.1 0.1
Potential nitrification capacity 12 0.4 0.1

(g of N g of VSS™* day ')
MPN of ammonium oxidizers 3.6 x 10! ND* 2.5 X 10'°

(cells g of VSS™1)
MPN of nitrite oxidizers 1.4 x 10" ND 4.5 x 10*

(cells g of VSS™1)

“ND, not determined.

(ii) The OLAND sludge. The main characteristics of the
OLAND sludge are compared with those of the inoculum
sludge in Table 1. The OLAND sludge showed a white color
similar to that of the inoculum sludge. Although the concen-
tration of the OLAND sludge was higher than that of the in-
oculum sludge, the VSS/TSS ratio did not change. The nitrifi-
cation activities of the OLAND sludge were measured on day
34 and day 62. Since the sludge samples were aerated and
saturated with O, before the activity measurement, according
to the procedure of Gernaey et al. (8), the measured activities
represented the maximal potential activities of the sludge, not
the real activities under the OLAND conditions. On day 34,
the detected potential of the specific nitrification capacity of
the OLAND sludge was about 0.4 g of N g of VSS™! day ™',
which is about 33% of the value obtained for the inoculum
sludge. This potential decreased further, to 0.1 g of N g of
VSS~!day ™', on day 62. The MPN of ammonium oxidizers in
the OLAND sludge after 62 days’ operation was 2.5 X 10'°
cells g of VSS™. This value was about 1 log unit lower than
that in the inoculum sludge. Remarkably, the number of nitrite
oxidizers dropped about 7 log units. Electron microscope pho-
tographs of the OLAND sludge were taken on day 62. They
were compared with those of the inoculum sludge in Fig. 1. No
visual difference was observed between the inoculum sludge
and OLAND sludge samples under the microscope.

Performance of the OLAND system. The performance of the
OLAND system is reported in Fig. 2 and Table 2. The NH, "-N
concentration in the influent remained at 1,000 mg liter !
during the whole experimental period. However, the perfor-
mance of the OLAND system was different in the two periods.
In period A, at a B, of 0.13 g of N liter ! day %, the NH,"-N
concentration in the effluent varied from 200 to 600 mg liter ",
with an average value of 380 mg liter '. About 13% of the fed
NH,"-N was converted to NO, -N, 9% was converted to
NO; ™ -N, 38% remained as NH,"-N, and the other 40% was
removed. No NH,OH was detected. In period B, when the
B, was doubled, the NH,"-N concentration in the effluent
increased to a high level, between 600 and 850 mg liter %,
with an average value of 738 mg liter'. Only 8% of the fed
NH,"-N was converted to NO, -N, 3% was converted to
NO; ™ -N, 74% remained as NH,*-N, and 15% was removed.
Most of the time, the NO, -N/(NO,~ + NO; ™ )-N ratio in the
effluent varied around 0.6 in period A and 0.7 in period B.
NH,OH was not detected during the two periods.

Mass balances of the OLAND system, as shown in Table 3,
showed that the specific removal rates of total N in the two
periods were also different. At the low B, of 0.13 g of N liter !

day !, the removal rate was about 49 mg of N liter ! day ',
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B: The OLAND sludge

FIG. 1. Electron-microscopic scanning (JEOL/JSM 840) of the OLAND sludge compared with the inoculum sludge. (A) Sludge sample taken from the breeding
reactor; (B) sludge sample taken from the OLAND system after 63 days of operation.
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FIG. 2. Time courses of total N, NH,"-N, and (NO,~ + NO;")-N concen-
trations in the influent and effluent of the OLAND system at B,s of 0.13 (period
A) and 0.25 (period B) g of NH,*-N liter ! day~ .

corresponding to 16 mg of N g of VSS™* day . It decreased to
32 mg of N liter ! day~ !, corresponding to 11 mg of N g of
VSS~! day~!, when the B, was doubled.

The results of the 24-h monitoring of the OLAND system, in
terms of NH,"-N, (NO,~ + NO; )-N, NO, -N, pH, and
alkalinity, are shown in Fig. 3. As shown in Fig. 3A, the con-
centration of NH,"-N decreased slowly but constantly in the
first 500 min. During this period, no increase in (NO,  +
NO;)-N was observed and stable removal of total N was
obtained. The NO, -N/(NO,  + NOj; )-Nratio in the reactor
remained at a high level; most of the time, the ratio ap-
proached 0.9 to 1. As shown in Fig. 3B, the alkalinity dropped
constantly, although the pH remained above 7.6. During the
period from 500 to 1,000 min, the performance of the OLAND
system became unstable and accumulation of NO, -N and
NO;-N was observed. Although the concentration of NH,*-
N decreased continuously, this decrease was mainly due to the
conversion to NO, -N and NO; ™ -N. The NO, -N/(NO,~ +
NO; )-N ratio varied around 0.7. The pH dropped from 7.6 to
7.1. During the period from 1,000 to 1,500 min, both the
NH,"-N and the (NO,~ + NO; )-N concentration did not
change much. Further removal of total N was not observed.
The DO in the SBR varied between 0.1 and 0.8 mg liter .
Most of the time, the DO remained below 0.5 mg liter . The
redox potential (E,)) varied between —100 and +100 mV. It
was relatively stable in the first 500 min and the last 500 min.

Additional batch tests. (i) Batch test with NH,*-N and
NO, ~-N. Results of the batch test fed with NH,* and NO,~
are summarized in Table 4. After 2 days of incubation, the
NH,*-N concentration in the control bottle did not change

TABLE 2. Performance of the OLAND system

Value for:
Parameter (unit) Effluent
Influent

Period A Period B
NH,"-N (mg liter™!) 1,000 380 = 133 738 = 65
NO, -N (mg liter ') 0 1339 83 £ 54
NO; -N (mg liter ") 0 87 + 30 28 + 32
NO, -N/(NO,™ + NO;7)-N 0.6 £0.1 0.7 %03
NH,OH-N (mg liter ") 0 0 0
Total N (mg liter ') 1,000 600 = 105 848 * 47
Removal of total N (%) 40 15
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TABLE 3. Mass balance and removal rates of total N in
the OLAND system

Value for:
Parameter (unit)
Period A Period B
Test period (days) 34 29
Input of total N (g) 17 29
Output of total N (g) 10.2 24.6
Total N in the SBR (mg liter ') 585 (day 1) 612 (day 34)
612 (day 34) 791 (day 63)

Accumulation of total N in the 0.1 0.7

reactor (g)
Removal of total N (g) 6.7 3.7
Total N removal rate (mg of 49 32

N liter ! day ')
Specific N removal rate (mg of 16 11

N g of VSS™!day ™)

significantly. In the other two bottles, which were fed with
NaNO.,, slight increases in NH,"-N and slight decreases in
(NO,~ 4+ NO; )-N were measured. The addition of a rapidly
biodegradable carbon source did not improve the removal of
(NO,™ + NO; )-N.

(ii) Batch test with NH,OH. Results of the batch test fed
with NH,OH are shown in Fig. 4. In terms of the removal of
NH,"-N, (NO,~ + NO;)-N, and NO, -N, batch 1 showed
results different from those obtained with the control (batch 0).
Within the test period of 5 days, the total decrease in NH, "-N
concentration was 18 mg liter ! in batch 0, while it was 73 mg
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FIG. 3. Twenty-four-hour monitoring of the OLAND system, performed at
day 25. After the feeding procedure, samples were taken every 10 to 20 min and
analyzed immediately.
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TABLE 4. Results of batch test fed with NH," and NO,~

Concn (mg liter ') of:

Treatment NH,*-N (NO,™ + NO; )-N
T=0 T = 2 days T=0 T = 2 days
NH,CI (control) 200 199 0 0
NH,CI + NaNO, 200 208 200 182
NH,Cl + NaNO, + 200 215 200 163
dextrose

liter ! in batch 1. The decreases in (NO,~ + NO;™)-N con-
centration were 39 mg liter ' in batch 0 and 113 mg liter ' in
batch 1. Both the decrease in the NH,"-N concentration and
the decrease in the (NO,~ + NO; )-N concentration in batch
1 were 3 to 4 times higher than those in batch 0. Total N
removal in batch 0 was 57 mg liter ! during the 5 days, which
corresponds to 11 mg liter ! day~'. For batch 1, it was 186 mg
liter !, corresponding to 37 mg liter™' day~'. If the fed
NH,OH is counted as a total amount of 150 mg of N liter !
during the 5 days, then the removal of total N was 336 mg
liter ! in batch 1, which corresponds to 67 mg liter ' day .
This value is about 6 times as high as that in batch 0.

As shown in Fig. 4A, the decrease in NH, *-N concentration
was detected only on the 1st day in batch 0, probably due to
residual DO from the inoculum. However, in batch 1, removal
of NH,*-N not only occurred on the 1st day but continued
during days 3 to 5, with a concomitant removal of (NO,™ +
NO;7)-N. As shown in Fig. 4B, the decreases in the NO, -N
and NO; -N concentrations in batch 1 started first with
NO, -N but not with NO; -N. Removal of NO; -N was ob-
served only from day 3 on. Decreases in concentrations of
(NO,™ + NO; )-N, NO, -N, and total N were more rapid
from day 3 onwards. Five milligrams of N liter ' was observed
to remain from the NH,OH in batch 1 on day 5, when all the
NO, -N was consumed. Visually, more gas formation was ob-
served in batch 1 than in batch 0. N,O was detected in both gas
phases. The amount of N,O formed in batch 1 was about 5
times as high as that in batch 0. The N,O formed accounted for
26% of the N removal in batch 0 and 20% of that in batch 1.

DISCUSSION

Microorganisms. The microorganisms which catalyzed the
OLAND process are assumed to be normal nitrifiers domi-
nated by ammonium oxidizers. This hypothesis is supported by
the following factors. (i) Basically, the inoculum sludge was a
plain nitrifying sludge produced with NH," and mineral nu-
trients. The MPN tests revealed that the total number of am-
monium oxidizers and nitrite oxidizers in the inoculum sludge
was 5 X 10! cells g of VSS™! (Table 1). This value approaches
that of a pure culture of Nitrosomonas europaea, which con-
tained 9 X 10'2 cells g~ ' (dry weight) (25). The high nitrifica-
tion capacity of 1.2 g of N g of VSS™* day ! confirms that the
inoculum sludge is dominated by nitrifiers (7). (ii) During op-
eration of the OLAND system, the composition of the feed was
similar to that of the feed of the breeding reactor. The electron
microscope pictures show that there was no striking difference
between the inoculum sludge and the OLAND sludge (Fig. 1).
The MPN results show that the number of ammonium oxidiz-
ers in the OLAND sludge was still up to 2.5 X 10'° cells g
of VSS™'. The potential NH," oxidation rate of the OLAND
sludge was 12 times lower than that of the breeding sludge (Ta-
ble 1), probably due to the long-term limitation of oxygen.
However, this potential of 0.1 g of N g of VSS™' day ! is still
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high enough to indicate that nitrifiers in the OLAND sludge
are active. (iii) The remarkable decrease in the number of
nitrite oxidizers in the OLAND sludge showed that with low
oxygen concentrations, nitrite oxidizers were strongly inhib-
ited. It suggests that autotrophic conversion of NH,"-N to N,
in the OLAND system might be effected mainly by ammonium
oxidizers, not by nitrite oxidizers.

Stoichiometry. The removal of NH, " in the OLAND system
is supposed to take place via the following two steps, based on
the findings of Muller et al. (16) and Poth (19):

NH," + 1.50,—»NO,” + H,0 + 2H" (1)
NH," + NO, =N, + 2H,0 2)

The whole process can be simply expressed as reaction 3 by
combining reactions 1 and 2:

2NH," + 1.50,—N, + 3H,0 + 2H" 3)

Stoichiometrically, reaction 3 consumes 3.6 mg of alkalinity
(CaCOs;) per mg of NH, *-N removed. The results, obtained in
the 24-h monitoring (Fig. 3), show that the removal of NH,"-N
and the drop in alkalinity in the first 8 h were in agreement
with reaction 3. During these 8 h, the NH,*-N concentration
decreased constantly without causing an increase in (NO,™ +
NO; )-N concentration. This implies an occurrence of simul-
taneous nitrification and denitrification. About 71 mg of
NH,"-N liter ' was removed, and a drop in alkalinity of 291
mg liter ' was detected. This corresponds to a consumption of
4.1 mg of alkalinity per mg of NH,"-N removed, which is

700 : ‘ ‘ ‘ 140
T, 850 [ . ° [(NO,;+NO5)-N| - - + 120 fg
g 600 0 N Te A 00 N
=z —3z BN o z
5550 ‘ —o N\ #i-ee | 80 ‘*8
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o Q. - ! ! —_—
5 450 [NH NNy 140 3
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° | —o— Batch-1 (+NH20H)
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FIG. 4. Performance of the batch test fed with NH,OH. The tested sludge
was taken from the OLAND system after 34 days of operation and was incubated
at 33°C anaerobically for 6 days. Batch 0, without addition of NH,OH. Batch 1,
with addition of NH,OH at 10 mg liter ™' on day 1, followed by 20, 30, 40, and
50 mg liter ™! on days 2, 3, 4, and 5, respectively.
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TABLE 5. Electron balance of batch test fed with NH,OH

Electron trans-

Electron Consumption Electron
donor-acceptor (mg/liter) transfer po;_t" ([11lm01
iter™ )
80% conversion of re-
moved N to N,
NH,"-N 73 NH,"—0.5N, + 3¢~ —12.8
NH,OH-N 150 NH,0OH—0.5N, + e~ —8.8
NO, -N 69 NO, —0.5N, — 3e~ +12
NO; -N 44 NO; —0.5N, — Se™ +12.8
20% conversion of re-
moved N to N,O
NH,"-N 73 NH,"—0.5N,0 + 4e™ —4.2
NH,OH-N 150 NH,O0H—0.5N,0 + 2¢~ —4.2
NO, -N 69 NO, —0.5N,0 — 2¢~ +2
NO; -N 44 NO; —0.5N,0 — de™ +2.6
Total loss/gain of e~ —30/+29.4

@ —, electron loss; +, electron gain.

slightly higher than the theoretical value of 3.6 mg of alkalinity
per mg of NH,"-N removed. This slightly higher consumption
of alkalinity might be due to absorption of some CO, during
the aeration period.

Direct detection of the N, product in the OLAND system
was difficult because it was an open system. However, the
results from the batch test (fed with NH,OH) suggested that
N, should be the major product of the OLAND system. The
amount of N,O detected in the gas phase accounted for 20%
of the total N removed. The rest of the removed N could be
assumed to be N, on the basis of the electron balances shown
in Table 5. If the gas produced were dominated by N,O, the
amount of electrons donated would fail to account for the
amount of electrons accepted. However, if the gas produced is
supposed to contain 80% N,, the two values approach each
other closely.

It might be argued that the N loss in the OLAND system is
due to a heterotrophic denitrification process, since one may
consider that decomposition or decay of biomass could pro-
duce an organic carbon source and that organic carbon could
serve as electron donors to reduce (NO,  + NO; )-N to N,.
Stoichiometrically, denitrification of 1 g of NO, -N should
consume about 0.64 g of organic carbon, corresponding to 1.3 g
of VSS. If so, the total removal of 11.4 g of N in the OLAND
system during the whole experimental period (Table 3) would
consume about 15 g of VSS, which means that all the biomass
inoculated in the OLAND system would be decomposed be-
fore the end of the experiment. The fact that the sludge con-
centration in the OLAND system decreased only slightly, from
3.0 to 2.8 g of VSS liter ', after operation for 62 days (Table
1) shows convincingly that heterotrophic denitrification is not
responsible for the N loss in the OLAND system. Moreover,
the slight decrease in sludge concentration was mainly due to
sampling of the sludge for the activity measurements and for
the batch tests.

The argument that the N loss in the OLAND system could
be caused by NHj; stripping can also be excluded by consider-
ing the following facts. (i) During the tests, no evidence of NH,
volatilization could be gathered. A preliminary NH;-stripping
test with the same synthetic wastewater showed that stripping
of NH; under the OLAND operating conditions (the same
temperature, the same mixing speed, but no biomass) is neg-
ligible (data not shown). (i) If NH,"-N is removed by NH;
stripping, a higher NH, "-N removal rate should be obtained at
a higher NH, "-N concentration or at a higher pH. The NH, " -

AMMONIUM REMOVAL BY THE OLAND SYSTEM 4505

N concentration and pH in the SBR during period B were high-
er than those during period A due to poor nitrification perfor-
mance (Table 2). However, these did not result in a higher rate
of removal of total N (Table 3). Instead, this rate was lower in
period B than in period A due to the inhibition of sludge
activity by the high NH,"-N concentration and the higher pH.

Biocatalyst. Theoretically, the oxidation of NH, " to N, with
NO, "~ as the oxidant (reaction 2) has a negative free energy (6,
18). This free energy provides the basic driving force for the
process to proceed. However, the occurrence of the biological
process also relies strongly on another key factor: the available
enzymes for catalyzing the process. The results of the batch test
fed with NH," and NO,~ (Table 4) show that reaction 2 did
not occur by simply providing NH,* and NO, ™ to nitrifying
sludge. This might suggest a lack of a catalyzing enzyme, and
moreover, it might even imply the difficulty of inducing the
catalyzing enzyme under such strictly anaerobic conditions. In
other words, solely with NO, ~, oxidation of NH, " by nitrifiers
might not be stimulated. Schmidt and Bock (20) reported that
N. eutropha was able to oxidize NH, " to N, in the complete
absence of O, with gaseous NO, as the oxidant. NH,OH was
detected in the process as an intermediate. Chemically, NO, is
a much more active oxidant than NO, . It might be that NO,,
but not NO, ~, can replace O, to oxidize NH,* to NH,OH and
thus allow the further conversion to N, to proceed.

It is therefore hypothesized that the removal of NH, " in the
OLAND system is catalyzed by one (or several) enzyme(s)
which might be produced in the first two steps of NH," oxi-
dation with O, as the electron acceptor. In general, obligately
lithotrophic ammonium-oxidizing bacteria gain their energy by
oxidizing ammonium to nitrite in a two-step reaction with hy-
droxylamine occurring as an intermediate (14). Up to now,
at least two enzymes that are involved in these two steps have
been revealed (13, 27):

AMO
NH,” + 0.50, + 2e——NH,OH + H* (4)

HAO
NH,OH + H,O0———NO,” + 5H* + 4~ (5)

The first step, reaction 4, is catalyzed by ammonia monooxy-
genase (AMO). The second step, reaction 5, is catalyzed by hy-
droxylamine oxidoreductase (HAO) with H,O as the source of
oxygen (2). The results of the batch test fed with NH,OH
showed that the addition of NH,OH could significantly stim-
ulate the simultaneous removal of NH,* and NO, ™~ (Fig. 4).
As the test bottles were completely sealed in the experiments,
there was no O, supplied. Therefore, reaction 4 was not pos-
sible, and AMO could not be induced. This might indicate that
the enzyme which catalyzed the simultaneous removal of
NH," and NO,~ could be enhanced by the added NH,OH
and hence could be HAO. It was recently revealed that the
crystal structure of HAO could lead, through alternative elec-
tron transfer pathways, either to a terminal oxidase or to re-
versed electron flow for pyridine nucleotide reduction (28).
According to Hooper et al. (14), two electrons could be with-
held in reaction 5 and pass through cytochrome to a nitrite
reductase, thus catalyzing the reduction of NO, . Another two
electrons could be returned to reaction 4 by unknown carriers
to regenerate NH,OH.

Conclusions. The current treatment capacity of the OLAND
system is still low. However, the fact that the inoculum can
readily be grown in large quantities is an important factor
which favors the applicability of the OLAND system for prac-
tical purposes. Indeed, the nitrifying inoculum sludge can eas-
ily be produced from an activated sludge, and it can be used in
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the OLAND system directly without adaptation. Moreover,
operation of the OLAND system has no requirement for an
NO, ™~ supply. A NH, "-rich wastewater can be fed directly at a
suitable loading rate. Although the process requires limited-
oxygen conditions, it does not require strictly anaerobic con-
ditions. Therefore, inhibition by trace O, exposure is not a
serious problem of concern in practice. The process operated
by a pH controller is simple and reliable for practical opera-
tion.
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